The induction heating, that directly impresses a higher frequency magnetic field to an iron body, becomes feasible for hardening and annealing of metals because the performance of a semiconductor element for higher powers makes progress remarkably and its retail price has been cheap enough to produce a higher frequency inverter. However, in the conventional research and development of them, a determination of an impressed supply frequency and pan materials has depended on designers' empirical knowledge.
The induction heating, that directly impresses a higher frequency magnetic field to an iron body, becomes feasible for hardening and annealing of metals because the performance of a semiconductor element for higher powers makes progress remarkably and its retail price has been cheap enough to produce a higher frequency inverter. However, in the conventional research and development of them, a determination of an impressed supply frequency and pan materials has depended on designers' empirical knowledge.
In this paper, we discuss the optimal design parameters of 200 V class induction range with the constant impressed magnetic flux. We treat three parameters, (1) the kind of heated pan material, such as iron, stainless steel and aluminum, (2) the air gap length between the bottom of pan and the energizing coil, (3) the modified shaped ferrite core, through the predicted dissipated power and equivalent secondary power factor using the axisymmetric 3-D finite element method taking account of the impressed terminal voltage. Figure 1 shows the overview of the induction range system. The pan on the ceramic plate 6 mm thick, that works as an insulator between the pan and the electric devices and supports the pan itself mechanically, will be heated by the underneath energizing coil. According to the physical geometry like in Fig. 1 , it is assumed that the analyzed domains are in an axisymmetric 3-D coordinates system. The equivalent circuit for an induction range will be expressed as shown in Fig. 2 .
Figures 3(a) and (b) show the frequency characteristics of the dissipated power P 2 and the equivalent secondary power factor cos φ 2 respectively for three types of pan materials; iron, stainless steel(SUS305) and aluminum with 6 mm air gap. From these figures, taking account of the human audible frequency, it is said that the frequency of 20 kHz in commercial induction ranges should be Fig. 1 . Overview of induction range a reasonable choice theoretically. In the aluminum pan, the dissipated power at the frequency of 20 kHz of the 50 V power supply is about one-tenth of those in iron and stainless steel pans but the value of that in the case of 100 V will become 121 W. We have confirmed that the present numerical results are satisfied not only the electromagnetism theory but also the electric circuit theory. 
Member
Induction heating has found a new feasibility in domestic appliances. Its application is known as an "induction range" or an "induction heating oven". Conventional design schemes of them have depended on the experience and
Introduction
The induction heating, that directly impresses a higher frequency magnetic field to an iron body, becomes feasible for hardening and annealing of metals because the performance of a semiconductor element for higher powers makes progress remarkably and its retail price has been cheap enough to manufacture a higher frequency inverter.
The principle of the induction heating has been applied to a household cooking appliance and its application products have been marketed as an "electromagnetic cooker" and an "IH (Induction Heating) rice cooker" from Japanese domestic appliance companies. However, in the conventional research and development of them, a determination of an impressed supply frequency and pan materials has depended on designers' empirical knowledge.
The numerical analysis for the optimum design of electromagnetic cooker was reported (1) . However, in the paper, the non-magnetic metal pan such as copper or aluminum was not analyzed. We have presented the theoretical approach (2) to the principle of the induction heating in an induction range using the FEM.
We have proposed the estimation method (3) of the dissipated power and the power factor for the heated pan without any numerical integrations in each element after the FEM calculation. We have carried out the numerical analysis of the induction heating range and discussed the performance characteristics of the pan material (3) . Although the numerical and experimental results have been reported with the practical induction heating cooker (4) after our first work (2) , an aluminum pan was not treated and an impressed terminal voltage and the air gap were not discussed.
According to our second research (3) , it was suggested that the induction range, supplied with a higher voltage, could heat a pan made of a non-magnetic metal such as copper or * Department of Electrical and Electronic Engineering, Faculty of Science and Engineering, Saga University 1, Honjo-machi, Saga 840-8502 aluminum. In response to our report (3) , the induction range for all metal pan was placed on sale from Japanese domestic appliance companies (5) . Recently in Japan, the number of the high voltage (200 V) service for in household has been increasing rapidly. In this paper, we discuss the optimal design parameters of 200 V class induction range with the constant impressed magnetic flux. We treat three parameters, 1) the kind of heated pan material, such as iron, stainless steel and aluminum, 2) the air gap length between the bottom of pan and the energizing coil, 3) the modified shaped ferrite core, through the predicted dissipated power and equivalent secondary power factor using the axisymmetric 3-D finite element method taking account of the impressed terminal voltage (6) (7) up to 250 V and under the frequency from 10 Hz to 100 kHz. It has been clear that the aluminum pan is feasible only if the higher ampere-turn and higher voltage (200 V) are applied. Figure 1 shows the overview of the induction range system. The pan on the ceramic plate 6 mm thick, that works as an insulator between the pan and the electric devices and supports the pan itself mechanically, is heated by the underneath energizing coil shown in Fig. 2 . The ferrite rods become a return path of the magnetic flux. Practically, the pancake type of spiral energizing coil is wound with multi-filament conductors so that the skin effect could be negligible.
Induction Range
Therefore, in the domain of the coil an external winding current only flows without an eddy current, the conductivity of the coil will be zero in the following analysis.
According to the physical geometry like in Fig. 1 , it is assumed that the analyzed domains are in an axisymmetric 3-D coordinates system.
Design Parameter Analysis of Induction Range
Models for analysis, assumptions and finite element method formulation, where the prescribed voltage (6) (7) is taken into account, are described as follows. Figure 3 shows models for analysis. Figure 3 (a) is a standard model for analysis with the air gap 6 mm length between the bottom of pan and the surface of coil and Fig. 3 (b) is a model with the modified shaped ferrite core, that has been intended to construct a good magnetic return path. The gap between the pancake type of energizing coil and the ferrite core represents an insulator material region, that is treated by an air region in the following analysis.
Model for Analysis

Governing Equations
Supposing that the displacement current is negligible in the lower frequency from 10 Hz to 100 kHz, the governing equation subject to an axisymmetric 3-D eddy current problem is described as
where A θ is a θ component of a magnetic vector potential, r−z are coordinates in the axisymmetric 3-D case, ν is a magnetic reluctivity and assumed to be isotropic homogeneous, σ is a conductivity and J 0 is an external winding current, whose value is estimated with the impressed voltage and the electric circuit simultaneously.
Energy Functional and its Matrix Form
The energy functional concerning an element "e" is expressed as 
Introducing a linear interpolation N (e) k (r, z), let potentials on three nodes in a triangular element "e" be A
3 , we have an interpolated vector potential A (e) (r, z) in an element
Assuming the sinusoidal field excitation and the linear magnetic property, substituting Eq. (3) i . A physical quantity with an over-dot means a complex quantity hereafter.
where j is an imaginary unit, ω is an angular frequency of power supply, r (e) 0 is the r coordinate of the center of gravity in the element "e" and r (e) i is the r coordinate of a vertex "i" of the element "e". c
where the cyclic notation with respect to k, l and m is adopted.
Equivalent Circuit
Since the equivalent circuit for an induction range is expressed as shown in Fig. 4 , we have the following circuit equation
where R 0 is a resistance of the energizing coil,V is a 'prescribed' terminal voltage of the power supply,İ is an 'unknown' current flowing into a load,Φ is the flux linkage around the energizing coil that will be estimated by the FEM. Also R 2e and jX 2e in Fig. 4 are the equivalent secondary impedance converted into the primary side.
Eq. (8) is rewritten with a complex magnetic vector potentialȦ as;
Since the circuital integral path of C f em in Eq. (9) is taken in the finite element solution domain in Fig. 4 , Eq. (9) is expressed where T c is the number of turns per a unit cross sectional area and nM is the total number of elements, that are included in the coil region. A matrix form of Eq. (10) is expressed as
where nu is the total number of unknown potentials andḞ i is given as 
where
Expressions of Dissipated Power and Power Factor
Once Eq. (13) can be solved simultaneously, according to Fig. 4 , the dissipated power P 2 and the secondary power factor cos φ 2 in the heating object will be estimated in the forms
AlsoŻ 2e , R 2e and X 2e are expressed aṡ
where and mean a real part and an imaginary part of a complex quantity respectively and * denotes a complex conjugate.
Generally, when the energy of an electromagnetic field is calculated by using FEM, it is necessary to integrate each element energy after the FEM calculation. However, the error of the numerical integrations increase with the number of summation elements.
Consequently, we have proposed the method of estimating the dissipated power P 2 and the secondary power factor cos φ 2 in the heating object as described above.
The error in the estimation of the performance characteristics is educed since principal characteristic physical quantities are expressed by the terminal voltage and the current without any numerical integrations in each element.
Performance Characteristics
In the following sections, we will show the frequency characteristics in an induction range and discuss the effect of the gap length between the bottom of the heated object and the coil surface, and the shape of the ferrite core. In the following analyses, the ratio of the impressed voltage to the impressed frequency (V/ f = 0.0025, 250 [V] at 100 [kHz]) is kept constant so that the magnetic flux from the coil could be always constant in all the frequency region.
Frequency Characteristics
Figures 5(a) and (b) show the frequency characteristics of the dissipated power P 2 and the equivalent secondary power factor cos φ 2 respectively for three types of pan materials; iron, stainless steel (SUS305 or AISI305) and aluminum with 6 mm air gap. The vertical lines are drawn at right side in these figures when the frequency equals to 80 kHz. The frequency corresponds to the 200 V impressed voltage because the constant condition (V/ f = 0.0025) is imposed for the constant impressed magnetic flux. The relationship between the frequency and the impressed voltage is constant as the following analyses.
The material parameters are listed in Table 1 . From these figures, taking account of the human audible frequency, it is said that the frequency of 20 kHz in commercial induction ranges should be a reasonable choice theoretically. In the aluminum pan, the dissipated power at the frequency of 20 kHz of the 50 V power supply is about onetenth of those in iron and stainless steel pans but the value of that in the case of 100 V becomes 121 W. Therefore, if the ampere-turn of the energizing coil or the impressed voltage becomes two times greater than the original one, the dissipated power gets four times and the calorific value in the aluminum pan is high enough to heat the object. Figure 6 shows the frequency characteristics of the equivalent secondary impedance. From Fig. 6(b) , in the higher frequency region, the equivalent secondary reactances are equal to one another and it is found out that the equivalent secondary resistance becomes dominant in power dissipation.
Effect of Gap Length on Characteristics
To investigate the effect of the gap length on performance characteristics, we have adopted three types of air gap, e.g., 4 mm, 6 mm and 8 mm, and carried out their simulations. Figures 7(a) and (b) show the characteristics of the dissipated power P 2 and the equivalent power factor cos φ 2 for the gaps 4 mm, 6 mm and 8 mm length with the iron pan material.
In Fig. 7(a) , in the case of 4 mm air gap the dissipated power is twice larger than that in the case of 6 mm air gap and is triple larger than that in the case of 8 mm air gap at 100 [kHz] . Moreover, in the case of 4 mm air gap the dissipated power becomes 1.5 times larger than that in the case of 6 mm air gap and 2.2 times larger than that in the case of 8 mm air gap at 20 kHz, that is the suitable frequently for induction ranges.
On the other hand, in Fig. 7(b) , the secondary power factors are decreasing with increasing the frequency owing to the equivalent secondary reactance as shown Fig. 6(b) . In the case of 4 mm air gap length the secondary power factor is the largest than other types of air gap length.
Therefore it is said that the heating performance of the induction range improves according to smaller air gap length with the ceramic plate as shown in Fig. 3 . However, it is necessary to support the pan by the mechanical strength of the ceramic plate.
Modification of Shape of Ferrite Core
We have devised the modified shape of the ferrite core as shown in Fig. 3(b) so that the magnetic flux in the backside of the energizing coil could successfully interlink the heated object.
Figures 8(a) and (b) show the dissipated power and the secondary power factor for two different shaped cores with three different pan materials. In Fig. 8(a) , except for the stainless steel pan, the difference between both the cores in the dissipated power and the secondary power factor is hardly found. The reason why there exists a remarkable difference in the stainless pan is because the stainless has both the higher resistivity and non-magnetic properties. On the other hand, the flux will originally interlink the iron pan with the higher permeability well but be suppressed by the counter magnetomotive force in the aluminum pan with the higher conductivity. Figure 9 shows the equivalent secondary resistance and reactance. The tendency similar to that in Fig. 8 is found in Fig. 9 . Since the equivalent secondary reactances are almost equal to one another, it will be said that only the equivalent secondary resistances should be dominant in induction ranges with different shaped cores.
Conclusions
Introducing the FEM, that takes account of the terminal B 127 7 2007 voltage of supply, into the electromagnetic field problem in induction ranges, we have carried out the precise estimation of the dissipated power and the secondary power factor in the heating objects without calculating the power in them directly, that used to result in an estimation error. It has been found out that an aluminum pan is insufficient capacity for induction heating pan in case of fewer ampereturn and lower voltage like a ordinary voltage (100 V) for domestic appliances. However, the aluminum pan will be feasible only if the higher ampere-turn and higher voltage (200 V) are applied.
Moreover, when the air gap length is made larger and the shape of ferrite core is changed to prevent the leakage flux from the backside of the coil, it has been evident that any effects on the performance characteristics can be hardly verified except the stainless steel pan.
We have confirmed that the present numerical results are satisfied not only from the viewpoint of the electromagnetism theory but also from the viewpoint of the electric circuit theory.
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